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Considerando o impacto do ambiente biomecânico e da condição óssea sobre o 
prognóstico da terapia com implantes dentais, esse trabalho teve como objetivos 
(1) avaliar a influência do tipo dos pilares protéticos utilizados nas próteses 
unitárias parafusadas implanto-suportadas associados a diferentes conexões de 
implante sobre o comportamento biomecânico do tecido ósseo de implantes com 
carregamento imediato ou tardio (Capítulo 1); (2) avaliar o efeito da aplicação 
isolada ou combinada do estímulo mecânico de alta frequência, por meio de 
plataforma vibratória (Whole Body Vibration, WBV), com a administração de 
bifosfonato (Alendronato, ALN) sobre a competência mecânica e micro-estrutura 
do tecido ósseo osteoporótico (Capítulo 2); (3) avaliar o impacto da terapia 
combinada com WBV e differentes concentrações de ALN sobre a micro-
arquitetura do tecido ósseo osteoporótico (Capítulo 3). No Capítulo 1, modelos 
tridimensionais (3D) de elementos finitos representando uma mandíbula com 
implante unitário foram criados, variando o tipo de pilar protético (UCLA ou 
cônico), conexão do implante (hexágono externo, HE ou hexágono interno, HI), 
carregamento oclusal (axial ou oblíquo), tanto para a situação de carregamento 
imediato ou tardio dos implantes. Análise de variância foi utilizada para avaliar os 
valores de tensão e deformação máxima principal no tecido ósseo cortical ou 
trabecular após a aplicação de carregamento oclusal de 100 N. Foi observado que 
o tipo de pilar protético e conexão pilar-implante influenciaram as 
tensões/deformações resultantes no tecido ósseo periimplantar de apenas 
implantes imediatos, apresentando a associação de pilares cônicos com conexões 
HI os menores valores de tensões/deformações ósseas. No Capítulo 2, 34 ratas 
Wistar foram ovariectomizadas (OVX) ou sham-ovariectomizadas (cirurgia fictícia, 
shOVX) e posteriormente divididas em cinco grupos experimentais: shOVX, OVX-
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shamWBV (shWBV, ausência de estímulo mecânico), OVX-WBV, ALN-shWBV e 
ALN-WBV. O tratamento mecânico, WBV, foi aplicado 10 min/dia utilizando 10 
níveis consecutivos de alta frequência (130, 135, 140, 145, 150,130, 135, 140, 
145, 150 Hz) sob aceleração de 0.3g, por 14 dias. No mesmo período 
experimental, o tratamento farmacológico com ALN foi administrado sob a 
concentração de 2mg/kg/dose, 3x/semana. Análise de elementos finitos baseada 
em microtomografias foi utilizada para avaliar as propriedades mecânicas do 
tecido ósseo (rigidez e resistência) em relação às alterações micro-estruturais do 
tecido ósseo trabecular e cortical. Comparado com o tratamento mecânico (WBV), 
o tratamento farmacológico com ALN mostrou-se mais eficaz em melhorar a 
competência mecânica do tecido ósseo osteoporótico. Adicionalmente, a 
associação de WBV com ALN resultou em um efeito aditivo sobre micro-
arquitetura do tecido ósseo cortical. No Capítulo 3, 56 ratas Wistar OVX ou shOVX 
foram divididas em sete grupos experimentais: shOVX, OVX-shWBV, OVX-WBV, 
ALN(x)-shWBV, ALN(x)-WBV, ALN(y)-shWBV, ALN(y)-WBV. A aplicação de WBV 
foi realizada de acordo com o mesmo protocolo descrito previamente. Entretanto, 
o tratamento com ALN, isolado ou combinado com WBV, foi administrado sob 
diferentes concentrações [ALN(x): 2 mg/kg, dose convencional ou ALN(y): 1mg/kg, 
dose reduzida], 3x/semana. Ambos os tratamentos mecânico e farmacológico 
foram realizados por um período experimental de seis semanas. Análises 
microtomográficas foram realizadas para avaliar o efeito dos tratamentos sobre a 
micro-arquitetura do tecido ósseo trabecular ao final do período experimental. Foi 
observado que o uso de baixa dosagem de ALN quando combinado com WBV 
afeta positivamente o tecido ósseo osteoporótico, com efeitos adicionais sobre a 
micro-arquitetura trabecular comparado à monoterapia com ALN. 
 




Considering the impact of biomechanical environment and bone condition on the 
prognostic of therapy with dental implants, this study aimed (1) to evaluate the 
influence of the type of prosthetic abutment associated to different implant 
connections on bone biomechanical behavior of immediately or delayed loaded 
implants (Chapter 1); (2) to investigate the effect of single or combined application 
of high-frequency loading through whole body vibration (WBV) and 
bisphosphonates (Alendronate, ALN) on the mechanical competence and micro-
structure of osteoporotic bone (Chapter 2); (3) to evaluate the impact of 
combination therapy with WBV and ALN at differing dosages on osteoporotic bone 
micro-architecture (Chapter 3). In Chapter 1, tridimensional (3D) finite element 
models comprising a mandible with a single molar implant were created varying the 
type of prosthetic abutment (UCLA or conical), implant connection (external 
hexagon, EH or internal hexagon, IH), occlusal loading (axial or oblique), both for 
immediately or delayed loaded implants. Analysis of variance was used to evaluate 
the peak of maximum principal stress and strain in cortical and trabecular after 
applying a 100 N occlusal load. It was observed that the type of prosthetic 
abutment and implant connection influenced the bone stresses and strains of 
immediately loaded implants, showing the association of conical abutments with IH 
implants the lower values of bone stress/strain. In Chapter 2, 34 female Wistar rats 
were ovariectomized (OVX) or sham-operated (shOVX) and divided into five 
groups: shOVX, OVX-shamWBV (shWBV, lack of mechanical stimulation), OVX-
WBV, ALN-shWBV and ALN-WBV. WBV loading was applied for 10 min/day using 
10 consecutive steps of HF loading (130, 135, 140, 145, 150, 130, 135, 140, 145, 
150 Hz) at acceleration of 0.3g for 14 days. At the same experimental period, ALN 
was administered at a dosage of 2 mg/kg/dose, 3x/week. Finite element analysis 
based on micro-CT was employed to assess bone biomechanical properties 
(stiffness and strength), relative to trabecular and cortical bone micro-structural 
parameters. Compared to HF loading, ALN treatment is preferred for improving the 
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compromised mechanical competence of osteoporotic bone. In addition, the 
association of ALN with HF loading results in an additive effect on bone micro-
architecture. In Chapter 3, 56 female Wistar rats OVX or shOVX were divided into 
seven groups: shOVX, OVX-shWBV, OVX-WBV, ALN(x)-shWBV, ALN(x)-WBV, 
ALN(y)-shWBV and ALN(y)-WBV. The application of WBV was performed 
according to the same protocol described previously. Nevertheless, ALN therapy, 
alone or in combination with WBV, was administered at different dosages [ALN(x): 
2mg/kg, conventional dose or ALN(y): 1 mg/kg, reduced dose], 3x/semana. Both 
mechanical and pharmacological treatments were performed for 6-week 
experimental period. Micro-CT analyses were performed to evaluate the trabecular 
bone micro-architecture at the end of experimental period. It was observed that a 
ALN therapy at a lower concentration when associated to WBV positively impacts 
the ovariectomy-induced osteoporotic bone, with further improvements in 
trabecular micro-architecture compared to the conventional monotherapy with ALN. 
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 A reabilitação de pacientes desdentados totais ou parciais com implantes é 
atualmente a opção de escolha para restaurar a função mastigatória e a estética 
(Wennerberg and Albrektsson, 2011). Mais de 90% dos pacientes que recebem 
implantes são parcialmente desdentados, sendo a perda dentária unitária a mais 
frequente indicação para a instalação de implantes (Bornstein et al., 2008). 
Todavia, essas reabilitações têm apresentado maior desafio biomecânico e menor 
taxa de sucesso quando comparadas às reabilitações parciais ou totais fixas sobre 
implantes (Weber and Sukotjo, 2007).  
O risco biomecânico aumentado das reabilitações unitárias implanto-
suportadas tem sido associado à elevada magnitude das forças oclusais 
incidentes sobre esses implantes não esplintados, especialmente aqueles 
instalados na região de molares (Shigemitsu et al., 2013). A sobrecarga sobre os 
implantes pode contribuir para o aumento das tensões e deformações transferidas 
para o tecido ósseo, alterando o equilíbrio fisiológico da remodelação óssea 
(Isidor, 2006). Como resultado, uma progressiva reabsorção óssea peri-implantar 
ou falha do processo de osseointegração podem ocorrer nos implantes 
submetidos ao carregamento tardio ou imediato, respectivamente (Qian et al., 
2012).  
Com o objetivo de minimizar os efeitos deletérios da sobrecarga oclusal no 
tecido ósseo, estudos prévios demonstraram que as características geométricas 
dos implantes e dos seus componentes protéticos, como: conexão pilar-implante 
(Pessoa et al., 2010), macro-geometria dos implantes (Eraslan and Inan, 2010), 
diâmetro e comprimento do implante (Baggi et al., 2008) e angulação do pilar 
protético (Tian et al., 2012) podem desempenhar um importante papel na 
transferência das forças oclusais para a interface osso-implante, influenciando a 
magnitude e distribuição das tensões e deformações no tecido ósseo 
periimplantar.  
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Neste contexto, é possível que o tipo do pilar protético associado a 
diferentes conexões pilar-implante também possa influenciar o comportamento 
biomecânico das reabilitações sobre implantes. Isso torna-se relevante nas 
próteses unitárias parafusadas, as quais não possuem a camada de cimento para 
auxiliar na dissipação e distribuição das tensões (Tonella et al., 2011). Nessas 
próteses, dois tipos de restaurações podem ser confeccionadas de acordo com o 
tipo do pilar, próteses parafusadas diretamente sobre o implante (pilar UCLA) ou 
próteses com um intermediário entre o implante e a prótese (pilar cônico) (Ochiai 
et al., 2003). Entretanto, a influência do tipo do pilar usado nas próteses unitárias 
parafusadas sobre o comportamento biomecânico do tecido ósseo ainda é 
desconhecida.  
 A transferência otimizada das forças oclusais por meio dos componentes 
protéticos e implantes para o tecido ósseo peri-implantar é um fator chave para o 
sucesso dos implantes dentais unitários posteriores, especialmente na presença 
de fatores de risco como o uso de tabaco, radioterapia, diabetes, ou osteoporose 
(Chen et al., 2013). Esses fatores são responsáveis por alterar o metabolismo 
ósseo normal, influenciando assim o processo de osseointegração dos implantes. 
Dentre eles, destaca-se a osteoporose devido a sua elevada prevelência na 
população mundial, afetando mais de 40% das mulheres após a menopausa 
(Melton III et al., 2005; Wright et al., 2014). 
A osteoporose é caracterizada por baixa densidade óssea e deterioração 
da micro-arquitetura do tecido ósseo, resultando na redução da resistência óssea 
(Rachner et al., 2011). A sua etiologia está associada à deficiência do estrógeno 
após a menopausa (Khosla et al., 2012; Naylor and Eastell, 2012), já que níveis 
adequados desse hormônio são requeridos para inibir a osteoclastogênese e 
potencializar a síntese de citocinas que desempenham um papel fundamental na 
formação óssea (Pacifici, 1996; Inada and Miyaura, 2010). Portanto, essa 
condição médica é um importante fator de risco para a terapia com implantes 
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dentais, seja durante o período de osseointegração ou carregamento funcional dos 
implantes (Ozawa et al., 2002; Ruan et al., 2008). 
Devido ao crescente aumento da expectativa de vida, o número de 
pacientes com osteoporose que podem necessitar do tratamento com implantes 
dentais deve aumentar nos próximos anos (Wright et al., 2014). Assim, a fim de 
prevenir os efeitos deletérios da osteoporose sobre o tecido ósseo, a 
administração de fármacos que alteram o metabolismo ósseo, como os 
bifosfonatos (BPs), tem sido indicada. Os BPs são potentes inibidores da atividade 
osteoclástica, reduzindo os níveis aumentados de reabsorção óssea após a 
menopausa (Eastell et al., 2011). Entretanto, o uso desse medicamento tem sido 
associado a efeitos colaterais que afetam o tratamento com implantes dentais, 
como a osteonecrose (Kwon et al., 2014). 
Como alternativa ao tratamento farmacológico com BPs, terapias 
biomecânicas têm sido indicadas para a osteoporose devido ao efeito anabólico 
da estimulação mecânica sobre o tecido ósseo (Ozcivici et al., 2010). Em 
particular, a aplicação do estímulo mecânico de alta frequência por meio de 
plataformas vibratórias (whole body vibration) tem se mostrado eficaz em 
promover a formação óssea (Judex et al., 2007; Judex and Rubin, 2010). Todavia, 
estudos que avaliem o efeito do tratamento mecânico com o estímulo de alta 
frequência, isolado ou associado ao tratamento farmacológico com bisfosfonato, 
sobre a micro-estrutura e competência mecânica do tecido ósseo osteoporótico 
são necessários, já que tecidos ósseos mecanicamente competentes podem ser 
submetidos a maiores desafios biomecânicos.  
Considerando o impacto do ambiente biomecânico e da condição óssea 
sobre o prognóstico da terapia com implantes dentais, esse trabalho teve como 
objetivos avaliar a influência do tipo dos pilares protéticos utilizados nas próteses 
unitárias parafusadas implanto-suportadas associados a diferentes conexões de 
implante sobre o comportamento biomecânico do tecido ósseo de implantes 
imediatos ou tardios (Capítulo 1); avaliar o efeito da aplicação isolada ou 
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combinada do estímulo mecânico de alta frequência, por meio de plataforma 
vibratória (Whole Body Vibration, WBV), com a administração de bifosfonato 
(Alendronato, ALN) sobre a competência mecânica e micro-estrutura do tecido 
ósseo osteoporótico (Capítulo 2); avaliar o impacto da terapia combinada com 
WBV e differentes concentrações de ALN sobre a micro-arquitetura do tecido 
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Abstract 
This study aimed to evaluate the influence of the type of prosthetic abutment 
associated to different implant connections on bone biomechanical behavior of 
immediately or delayed loaded implants. Computed tomography-based finite 
element models comprising a mandible with a single molar implant were created 
varying the type of prosthetic abutment (UCLA or conical), implant connection 
(external or internal hexagon) and occlusal loading (axial or oblique), both for 
immediately or delayed loaded implants. Analysis of variance at 95% of confidence 
interval was used to evaluate the peak of maximum principal stress and strain in 
cortical and trabecular bone after applying a 100 N oclusal load. The results 
showed that the type of prosthetic abutment and implant connection influenced the 
bone stresses and strains of immediately loaded implants (p<0.05), with lower 
values when conical abutments and internal hexagon implants were used. 
However, these factors had no effect on bone mechanical behavior of 
osseointegrated implants. In this situation, the type of occlusal loading was 
responsible for most of bone stress/strain, with higher values for oblique loading. It 
can be concluded that the type of prosthetic abutment influences bone 
stress/strains only in immediately loaded implants. The association of conical 
abutments with internal hexagon implants optimizes the loading transfer to bone. 
 
 
Key words: Prosthetic abutment; implant connection; single molar implant; 










 The rehabilitation of totally or partially edentulous patients with implants is 
the first option to restore the masticatory function and aesthetics.1 Over 90% of 
patients who receive implants are partially edentulous, being the single-tooth 
replacement the most frequent indication.2 Nevertheless, this rehabilitation has 
presented a higher biomechanical challenge and lower success rate when 
compared to implant-supported partial or total fixed prostheses.3  
The increased biomechanical risk of single-tooth implants has been 
associated to higher magnitude of occlusal forces incidents on these implants in 
comparison to splinted implants,4 especially when they are installed at molar sites. 
Occlusal overload on implants can increase the stress/strains transferred to 
supporting bone, damaging the physiological equilibrium of bone remodeling.5 As a 
result, progressive periimplant bone resorption or failure of osseointegration 
process might occur in delayed or immediately loaded implants, respectively.6 
In order to minimize the deleterious effects of occlusal overload on 
periimplant bone tissue, some studies showed that the geometric features of 
implants and its prosthetic components, such as: implant connection,7 implant 
threads configuration,8 implant diameter and length,9 prosthetic abutment 
angulation,10 play a significant role in occlusal loading transfer to the bone-implant 
interface, influencing the magnitude and distribution of stresses and strains in 
periimplant bone.  
In this context, the configuration of prosthetic abutment might also affect the 
biomechanical behavior of implant-supported single crowns. This becomes more 
relevant in screw-retained prostheses, which do not have the contribution of 
cement layer to help in stress dissipation and distribution.11 In these prostheses, 
two types of restorations can be used according to the abutment type, prostheses 
screwed directly on implant (UCLA abutment) or prostheses with an intermediary 
component between the implant and prosthetic crown (Conical abutment), in which 
can be observed two screwed joints: one at implant-abutment interface and 
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another at abutment-prosthesis interface.12 However, the effect of the prosthetic 
abutment type used in single screwed prostheses on bone stress/strain is not yet 
known.  
Other factor that can influence the periimplant bone stress/strain is the type 
of implant connection, in which the prosthetic abutment is connected. Implants with 
external hexagon connections (EH) has been associated to higher stress in 
periimplant bone, since that only the abutment screw is responsible for maintaining 
the stability of screwed connection at implant-abutment interface.13 In contrast, 
implants with internal hexagon connections (IH) present a more stable connection, 
which permits an evenly stress distribution throughout the body of implant.13 
Despite the biomechanics be widely studied in implantology, the association of the 
type of prosthetic abutment and implant connection has not been explored yet. 
Therefore, this study aimed to evaluate the influence of the type of prosthetic 
abutment used in single screwed prostheses associated to different implant 
connections on bone biomechanical behavior of immediately or delayed loaded 
implants, by means of a nonlinear three-dimensional finite element analysis.  
 
Materials and methods 
Study design 
Three-dimensional (3D) virtual models were created using computer-aided 
design (CAD) software. Each model consisted of a single screwed crown 
supported by one implant (5.0 x 11.5 mm) positioned at the first molar region of 
partially edentulous mandible. The type of prosthetic abutment (UCLA or conical), 
implant connection (external or internal hexagon) and occlusal loading (axial or 
oblique) varied for either immediately or delayed loaded implants (Fig. 1). The 
values of maximum principal stress and strain for the cortical and trabecular bone 

























Fig. 1. Three-dimensional modeled geometries: A, Assembly parts of all groups. B, 
Complete assembly example of a single screwed crown supported by one implant (5.0 x 
11.5 mm) positioned at the first molar region of partially edentulous mandible. EH, external 
hexagon; IH, internal hexagon. 
 
Model Construction 
 3D virtual models of the posterior segment of a partially edentulous 
mandible and a single prosthetic crown were constructed based on cone beam 
computed tomography images (CBCT). The scan was carried out by a KODAK 
9000 3D Extraoral Imaging System (Carestream Dental LLC, Atlanta, GA, USA) 
using a tube voltage of 60 kV, tube current of 2 mA, and slice thickness of 75 µm. 
The resulted CBCT images of mandible and first lower molar tooth were saved as 
.dicom files and imported into InVesalius software (ver. 3.0, 64-bit; Renato Archer 
Information and Technology Center, Campinas, Brazil) in order to generate 3D 
reconstructed models in solid-display stereolithographic file format (.stl). The 3D 
reconstructed images in .stl format were exported to SolidWorks 2011 software 
(SolidWorks Corp., Concord, MA, USA) and by using its Scan-to-cad plugin 
function, these images were converted into 3D solid models of the posterior 
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mandible (14.4 mm in width buccolingually and 21.0 mm in height inferosuperiorly) 
and of the prosthetic crown (2 mm of occlusal thickness, 10 mm in height and 11,5 
mm in mesiodisal width). Thereafter, these models were edited also in SolidWorks 
and the resulted bone model was composed of trabecular bone surrounded by 2 
mm of cortical bone, corresponding to type II bone quality.14 Additionally, on the 
occlusal surface of prosthetic crown 3D model were created eight loading areas by 
means of Boolean operations, simulating the occlusal contacts once the number of 
contacts in molars can vary from 1 to 10 contacts according to Hattori et al.15 
 The CAD solid models of implants (5.0 x 11.5 mm) with external (TitamaxTi 
cortical; Neodent, Curitiba, Brazil) or internal hexagon connection (Titamax II Plus; 
Neodent, Curitiba, Brazil), UCLA or conical abutments and their respective fixation 
screws were provided by the manufacturer (Neodent; Curitiba, Brazil). The implant 
model was positioned at the crestal bone level in a central position and the implant 
insertion hole in bone model was obtained by means of Boolean subtraction, 
simulating a virtual osteotomy. Afterwards, the implant was added to bone model 
and the abutment, fixations screws and prosthetic crown models were then aligned 
and connected to the implant following the instructions of implant manufacturer. 
 
Numeric Analysis 
- Material properties and mesh generation 
The CAD models were imported into numerical analysis software (Ansys 
Workbench 13.0; Swanson Analysis Inc., Houston, PA, USA), then the mesh was 
generated (tetrahedral elements with size of 0.7 mm) and submitted to 
convergence analysis prior to mechanical simulation. The convergence criterion 
was set to be less than 6% changes of the highest bone stress in the models 
between the element sizes.16 As a result, the models presented a number of 
elements, ranging from 73,508 to 81,542 and a number of nodes, ranging from 
125,881 to 140,179. All structures were considered homogeneous, isotropic and 
linearly elastic. The mechanical properties of all materials used are described in 
Table 1. 
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Table 1 - Materials properties adopted in the study 
Material Young modulus (MPa) Poisson ratio References 
Cortical bone 13700 0.30 Pessoa et al., 2010 7 
Trabecular bone 1370 0.30 Pessoa et al., 2010 7 
Titanium alloy 110000 0.33 Pessoa et al., 2010 7 
Co-Cr alloy 218000 0.30 Rubo and Capello, 2010 27 
TI6AL4V-ELI  105000 0.36 Conforme ASTM F 136 28 
Feldspatic ceramic 70000 0.19 Coelho et al., 2009 29 
 
- Contact conditions 
 The immediate loading of implants was simulated by using nonlinear 
frictional contact elements with a friction coefficient (µ) of 0.3 between the bone 
and implant 7. In delayed loading situation, simulating osseointegrated implants, 
the bone-implant contact was assumed to be a bonded contact. Additionaly, the 
contact condition between the abutment and implant was set as a µ of 0.3 for all 
the simulations.17 Frictional contact configurations allow minor displacements 
between all components of the model without interpenetration.18  
 
- Boundary conditions and loading 
The models were fixed on mesial and distal exterior surface of the bone 
segment in x, y and z directions and loaded in two stages. The first stage consisted 
in simulating the preload on the screws of abutments or prosthetic by using the 
Bolt-Pretension function available in ANSYS Workbench. The preload force 
simulated on UCLA fixation screw was 32 Ncm and 20 Ncm or 10 Ncm on conical 
abutment screw and its prosthetic screw, respectively, according to the 
manufacturer recommendations. Afterwards, a 100 N occlusal load, applied axially 
or at 45 degrees obliquely to implant long axis and in buccal-lingual direction, was 
equally distributed over the eight loading areas created previously on the occlusal 

















Fig. 2. An occlusal load of 100 N, equally distributed over eight loading areas created on 
occlusal surface simulating the occlusal contacts present in mandibular first molar, was 
applied axially (A) or at 45 degrees obliquely (B) related to implant long axis and in buccal-
lingual direction.  
 
Statistical analyses 
 The results from 16 models were analyzed separately for immediately 
loaded or delayed loaded implants by means of a general linear model Analysis of 
Variance (ANOVA - SAS version 9.0, SAS Institute Inc.) at a 95% confidence 
interval. For each situation of implant loading, the type of prosthetic abutment, 
implant connection and occlusal loading were used as variables in study and the 
peak of maximum principal stress and strain in cortical and trabecular bone were 
considered as outcome variables. This statistical analysis allows the calculation of 
the percentage contribution (% total sum of squares [%TSS]) of each variable in 
study and their interactions on the assessed results.19 Differences were considered 
significant at p<.05.  
 
Results 
 The values of bone maximum principal stress and strain for immediately or 
delayed loaded implants are described in Table 2. The results of ANOVA and the 
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relative contribution of each variable in study and their interactions on the values of 
bone stress and strain are shown in Table 3. The patterns of stresses and strains 
distribution in bone tissue were similar between the loading models with greater 
concentrations at the bone region adjacent to implant first thread, and higher 
magnitudes for immediately loaded implants (Fig. 3 and 4). 
 For immediately loaded implants, the stresses and strains in cortical bone 
were significantly influenced by the type of implant connection (p = 0.007), which 
contributed to 99.82% of stresses and 95.55% of strains, with higher values for 
external hexagon connections (Table 2 e Fig. 3). In trabecular bone, the type of 
implant connection and prosthetic abutment were responsible for the most of 
stresses and strains (Table 3), existing a significant interaction between these two 
variables (p = 0.025). The lower values of bone stress and strain were found when 
used conical abutments (Table 2) and the association of this abutment with internal 
hexagon implants presented the best biomechanical behavior with an evenly stress 
distribution on bone (Fig. 3).  
 For delayed loaded implants, the type of prosthetic abutment and implant 
connection had no effect on bone biomechanical behavior. In this situation, the 
type of occlusal loading (Table 3) contributed with 81.40% of stresses and 70.63% 
of strains for cortical bone and with 91.93% of stresses and 89.71% of strains for 
trabecular bone, affecting significantly the latter. Oblique loading showed the 




Table 2. Maximum principal stresses and strains in cortical and trabecular bone for immediately or delayed loaded 




Implant Loading  Variables in study Mean of stress ± Standard Deviation  
  
   Stress (MPa) Microstrain (µε) 
   Cortical Bone Trabecular Bone Cortical 
Bone 
Trabecular Bone 
 Prosthetic abutment UCLA 222.55 (±112.40) 122.92 (±27.51) 19.03 (±2.07) 108.89 (± 97.51) 
 Conical 215.67 (±111.58) 82.83 (±71.02) 18.63 (±1.90) 54.51 (± 37.93) 
Immediate loading Implant connection External hexagon 316.07 (±4.51) 145.52 (±1.44)  20.53 (±0.43) 88.29 (± 1.11) 
 Internal hexagon 122.15 (±5.31) 60.22 (±44.95) 17.14 (±0.42) 75.11 (± 61.71) 
 Occlusal loading Axial 220.26 (±109.79) 102.62 (±7.91) 19.12 (±1.92) 82.01 (± 43.65) 
  Oblique 217.96 (±114.28) 103.13 (±59.32) 18.54 (±2.02) 81.39 (± 44.94) 
 Prosthetic abutment UCLA 13.90 (±6.97) 2.04 (±0.85) 0.96 (±0.44) 1.56 (±0.62) 
  Conical 12.67 (±6.51) 1.96 (±0.85) 0.88 (±0.45) 1.55 (±0.64) 
Delayed loading Implant connection External hexagon 11.00 (±6.22) 1.97 (±0.60) 0.72 (±0.42) 1.54 (±0.40) 
  Internal hexagon 15.57 (±6.27) 2.04 (±1.04) 1.12 (±0.35) 1.56 (±0.80) 
 Occlusal loading Axial 8.05 (±2.45) 1.30 (±0.19) 0.59 (±0.25) 1.04 (±0.19) 
  Oblique 18.53 (±3.56) 2.71 (±0.30) 1.24 (±0.25) 2.07 (±0.22) 
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Table 3. Summary of ANOVA results for maximum stress and strain in cortical and trabecular bone. The different 
clinical situations were separately evaluated. 
 
Implant Loading  Variables in study Stress Strain 
 Cortical Bone Trabecular Bone Cortical Bone Trabecular Bone 
 Sig %TSS Sig %TSS Sig %TSS Sig %TSS 
 Prosthetic abutment 0.181 0.13% 0.024* 15.60% 0.095 1.34% 0.009* 50.24% 
 Implant-abutment connection 0.007* 99.82% 0.011* 70.59% 0.011* 95.55% 0.038* 2.95% 
 Occlusal loading 0.458 0.01% 0.790 0% 0.065 2.82% 0.572 0.01% 
Immediate loading Prosthetic abutment x Implant connection 0.798 0% 0.025* 13.79% 0.249 0.18% 0.009* 46.78% 
 Prosthetic abutment x occlusal loading 0.302 0% 0.525 0.02% 0.338 0.03% 0.475 0.01% 
 Implant connection x oclusal loading 0.773 0.04% 0.939 0% 0.519 0.09% 0.570 0.01% 
 Total  100%  100%  100%  100% 
 Prosthetic abutment 0.604 1.14% 0.608 0.30% 0.622 1.03% 0.829 0.01% 
 Implant connection 0.228 15.50% 0.643 0.23% 0.181 26.37% 0.735 0.04% 
 Occlusal loading 0.103 81.40% 0.051 91.93% 0.112 70.63% 0.030* 89.71% 
Delayed loading Prosthetic abutment x Implant connection 0.603 1.16% 0.542 0.45% 0.577 1.38% 0.656 0.07% 
 Prosthetic abutment x occlusal loading 0.653 0.80% 0.779 0.08% 0.786 0.28% 0.920 0% 
 Implant connection x oclusal loading 0.868 0% 0.180 7.02% 0.771 0.32% 0.088 10.17% 
 Total  100%  100%  100%  100% 
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Fig. 3. Stress (A) and strain (B) distribution in periimplant bone of immediately loaded 














Fig. 4. Stress (A) and strain (B) distribution in periimplant bone of delayed loaded implants. 
EH, external hexagon; IH, internal hexagon. 
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Discussion 
 An optimized occlusal load transfer through implant and prosthetic 
components to bone-implant interface is a key factor in implant prognosis, 
especially in implants subject to a higher biomechanical risk as single molar 
implants. Hence, in this study, 3D nonlinear finite element analysis (FEA) was 
carried out to evaluate the influence of the type of prosthetic abutment, implant 
connection and occlusal loading on bone biomechanical behavior of immediately or 
delayed loaded single molar implants. The association of this method with 
statistical factorial analysis allows to evaluate individually the influence of the cited 
variables in study on periimplant bone stress and strain, which is difficult to 
investigate using only clinical or in vitro approaches.19,20  
Immediately loaded implants presented higher values of bone stresses and 
strains than delayed loaded implants, regardless of the variables in study 
evaluated. Implants submitted to immediate loading present a frictional contact with 
bone, which is responsible for their primary stability and it was simulated in this 
study by using a frictional contact coefficient (µ= 0.3) at bone-implant interface. 
This contact type transfers pressure, tangential and frictional forces,18 which can 
most likely explains the highest stress/strain values in periimplant bone of 
immediately loaded implants found in this and in previous studies.21,22 In contrast, 
in delayed loading, the implants are considered osseointegrated and this situation 
was simulated in this study by using a “bonded” contact at bone-implant interface.18 
Consequently, an evenly load dissipation have been observed in periimplant bone 
around osseointegrated implants.21  Thus, the type of bone-implant interface has a 
notorious influence on stress/strain in periimplant bone. 
  As a consequence of the efficient load transfer in osseointegrated implants, 
the geometric parameters evaluated, type of abutment and implant connection, 
played a minor role on distribution and magnitude of bone stress/strain. 
Noteworthy, the type of occlusal loading was responsible for the most of bone 
stress/strains generated in this situation, with highest values for oblique loading 
since nonaxial implant loading direction increases the bending moments, causing 
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stress gradients along the implant surface.23 Clinically, the harmful effects of 
bending moments on single tooth implants can be minimized by narrowing the 
buccolingual and mesiodistal dimensions of the restorations, and avoiding 
premature contacts through a careful occlusal analysis.24 
 Unlike delayed loaded implants with a bonded bone-implant interface, those 
immediately loaded present only frictional contacts with bone at the beginning of 
osseointegration process. In this context, the search for more stable implant 
connections and abutments that can decrease occlusal stress and improve its 
distribution on bone is essential for osseointegration success. Therefore, in 
immediate loading situation, it was observed a greater influence of the type of 
abutment and implant connection on bone stress and strain. Among the types of 
implant connections that were evaluated in this study, implants with external 
hexagon connections produced higher bone stress/strain than those with internal 
hexagon connection, since the reduced size of external hexagon is insufficient to 
provide stability to this connection under functional loading. In contrast, implants 
with internal connections have a greater stability of its prosthetic connection due 
the higher contact area at abutment-implant interface,13 resulting in lower 
stress/strain concentrations on bone when compared to external-hex systems. As 
a consequence, reduced marginal bone resorption has been associated with 
internal connections implants in clinical studies.25 
Besides implant connection, the abutment type affected significantly the 
magnitude and distribution of bone stress and strain in immediately loaded 
implants. In general, conical abutments induced lower stresses and strains in bone 
than UCLA abutments. The improved biomechanical behavior of conical abutments 
can be assigned to presence of two screwed connections in this abutment, which 
contribute to increase the total area for stress/strain distribution and dissipation, 
reducing its concentration in periimplant bone. However, the mechanical behavior 
of prosthetic abutments was dependent on the type of implant connection that they 
were connected. It seems that the influence of abutment type became higher by 
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changing the implant connection from external hexagon to internal hexagon, since 
this connection type provide greater stability to the abutment.13  
Therefore, it should be pointed that there are inherent limitations to in silico 
simulation of clinical scenarios, primarily due to assumptions concerning forces, 
material properties, boundary and loading conditions. Bone is a complex dynamic 
structure and its characteristics might substantially vary among individuals. In this 
study, bone tissue was considered as homogeneous and isotropic as result of 
numerical convergence considerations for nonlinear analysis. Similar bone 
mechanical properties were adopted in other studies, showing also notorious 
results.26 Other factors such as the static occlusal loading applied to the models 
could play a more prominent role on bone response and the simulation of dynamic 
loading, representing the chewing movements, needs to be considered in futures 
studies. Additionally, it is important to emphasize that in spite of FEA limitations, 
additonal care was taken in this study, such as the creation of accurate analytical 
models based on tomographic images, the simulation of preload in prosthetic 
screws, and the use of frictional contact elements between implant-abutment 
components, since these factors have been neglected in previous studies 7,22 and 
might affect load transmission to bone and consequently the obtained results. 
 
Conclusion 
Within the limitations of this study, it can be concluded that the type of 
prosthetic abutment influences bone stress and strains in immediately loaded 
implants. The association of conical abutments with internal hexagon implants 
optimizes the loading transfer to bone. 
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Purpose: Osteoporosis leads to increased bone fragility, thus effective and safe 
approaches enhancing bone strength are needed. This study aimed to investigate 
the effect of single or combined application of high-frequency (HF) loading through 
whole body vibration (WBV) and bisphosphonates (alendronate, ALN) on the 
mechanical competence of bone originating from ovariectomy-induced osteoporotic 
rats. Methods: Thirty-four female Wistar rats were ovariectomized (OVX) or sham-
operated (shOVX) and divided into five groups: shOVX, OVX-shWBV, OVX-WBV, 
ALN-shWBV and ALN-WBV. (Sham)WBV loading was applied for 10 min/day 
using 10 consecutive steps of HF loading with increments of 5 Hz from 130 to 150 
Hz at 0.3g for 14 days. ALN was administered subcutaneously 3 days/week at 2 
mg/kg/dose, starting 5 days post-OVX surgery. Finite element analysis based on 
micro-CT was employed to assess bone biomechanical properties, relative to bone 
micro-structural parameters. Results: OVX induced a significant decrease in bone 
stiffness and bone strength compared to shOVX, which was associated to cortex 
thinning and trabecular bone loss. The application of HF loading to OVX resulted in 
an enlarged cortex compared OVX-shWBV, but it was not able to oppose the 
negative effects of ovariectomy on the bone biomechanical properties. 
Furthermore, ALN, combined or not with HF loading, prevented trabecular bone 
deterioration and significantly increased the bone stiffness and bone strength of 
OVX compromised bone. Finally, the combination of ALN with HF resulted in an 
increased cortical thickness in OVX rats when compared to single treatments. 
Conclusions: Compared to HF loading, ALN treatment is preferred for improving 
the compromised mechanical competence of OVX bone. In addition, the 
association of ALN with HF loading results in an additive effect on the cortical 
thickness. 
 
Key words: High-frequency loading; ovariectomy; bisphosphonates; bone 
mechanical competence; bone micro-architecture.
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Introduction 
Osteoporosis is a skeletal disease characterized by low bone mass and micro-
architectural deterioration of the bone tissue, leading to decreased bone strength 
predisposing increased risk of fractures1. This disease is associated with estrogen 
deficiency after menopause, which is responsible for shifting the balance between 
bone resorption and bone formation toward an increased level of bone 
resorption2,3. With an increasing aging population worldwide, osteoporosis has 
become a growing health concern, since the augmented risk of bone fractures has 
devastating outcomes in terms of mortality, decreased autonomy and healthcare 
costs4. Thus, therapies that increase the bone mechanical competence in medical 
compromised conditions are required.  
The current therapies to prevent bone loss in estrogen-deficient state are via 
drugs that affect bone metabolism, such as biphosphonates (BPs). The 
biphosphonate drug alendronate is a potent anti-resorptive agent5, with evidenced 
reduction of fracture risk in postmenopausal women6. However, it has some 
limitations and side effects that affect long-term administration and patient’s 
adherence7–9. Alternatively to the pharmacological treatment with BPs, 
biomechanical therapies have been proposed to treat osteoporosis due the 
profound anabolic effects of mechanical loading on bone10. In particular, the 
application of high-frequency (HF) loading via whole body vibration (WBV) has 
been shown to promote bone formation, and even recover bone loss arising from 
osteoporotic conditions11,12.  
The anti-fracture efficacy of these osteoporosis therapies was assessed in 
previous studies by using dual energy X-ray absorptiometry (DXA) based on bone 
mineral density (BMD)13,14. However, DXA-BMD is not an appropriate predictor for 
the strength of the bone because of the poor association between BMD change 
and bone fragility15. As the method is based on a two-dimensional projection 
measurement of the three-dimensional bone structure, it lacks the ability to explore 
macro- and micro-architectural features of the bone16. Thus, fracture risk cannot be 
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directly inferred from BMD, and surrogates for assessment of bone mechanical 
competence that consider bone geometric aspects are needed.  
In this context, finite element (FE) analysis provides an approach to assess 
bone biomechanical properties17,18, particularly when combined with specimen-
specific high-resolution data obtained from micro-computed tomography, from 
which the bone micro-architecture can be easily obtained19. Therefore, the aims of 
the present study were: (i) to investigate the effect of single or combined 
application of HF WBV and ALN on the mechanical competence of bone 
originating from osteoporotic animals; and (ii) to determine how the changes in 
trabecular and cortical bone micro-structure after these interventions contribute to 
the bone biomechanical properties.  
 
Material and Methods 
Animals and experimental design 
The protocol of the animal experiment was approved by the local ethical 
committee (P050/2011), complied with ARRIVE guidelines for preclinical studies 
and was performed according to the Belgian animal welfare regulations and 
guidelines. 
A total of 34 female Wistar rats at 12 weeks of age were used in the present 
study. Twenty-seven animals underwent ovariectomy surgery [OVX], while the 
remaining seven animals were subjected to sham-ovariectomy surgery [shOVX]. 
(Sham)-ovariectomy surgery was performed at Charles River Laboratories 
(Charles River, L’Arbresle, France). For the rats subjected to sham surgery, the 
bilateral ovaries were lifted up and returned to their original position, while for the 
ovariectomized rats, the ovaries were removed. Rats arrived 5 days post-
(sham)OVX surgery, with a body weight ranging between 220g and 250g. Pair-
feeding regimen was initiated immediately in an attempt to control the body weight 
changes throughout the study. The average daily food consumption of the shOVX 
animals was determined, and the quantified amount was then provided to the other 
animals. Animals were weighed at the start and once a week during the study. The 
! 27!
OVX group was divided into 2 groups, an untreated group [OVX] (n=13) and a 
group treated with the anti-resorptive bisphosphonate drug alendronate [ALN] 
(n=14). Alendronate sodium trihydrate (A4978-100MG, Sigma-Aldrich, Bornem, 
Belgium) was injected subcutaneously 3 days/week at a dose of 2 mg/kg body 
weight/dose, starting 5 days post-OVX surgery20. Saline administration (0.9 % 
NaCl) was performed according to the same time schedule to the rats of the OVX 
and shOVX groups. Injections were administered till the day of euthanasia. The 
animals of OVX and ALN groups were further divided into subgroups relative to the 
loading condition (sham-WBV versus WBV), resulting in 4 experimental groups 
(OVX-shWBV; OVX-WBV; ALN-shWBV; ALN-WBV). The 5th group, namely the 
shOVX group, did not receive mechanical stimulation, and served as a negative 
control to illustrate normal bone characteristics over the course of the experiment. 
The OVX-shWBV group served as positive control to demonstrate the changes 
occuring during the development of osteoporotic condition following ovariectomy.  
 
Vibration device and loading protocol 
HF mechanical loading was initiated 6 weeks post-(sham)ovariectomy. This time 
lapse was considered to be adequate for inducing significant bone changes in the 
rat long bones in response to ovariectomy 12. The loading was applied by means of 
WBV via a custom-made vibration device. The WBV loading was administered 
during 14 days for 10 minutes/day according to a protocol that consisted of 10 
consecutive frequency steps (130, 135, 140, 145, 150, 130, 135, 140, 145 and 150 
Hz), each of these applied for 1 minute at an acceleration of 0.3g20. WBV was 
applied to the animals individually, taking into account the animal’s body weight. 
Intervals of 24-hours between the loading sessions were respected. 
 
Specimen preparation and micro-X-ray computed tomography analysis 
After euthanasia of the animals by cervical displacement under isoflurane-
induced anaesthesia, the hindlimbs were excised and the surrounding soft tissues 
removed. The tibiae were retrieved and immediately fixated in 10% CaCO3–
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buffered formalin solution (pH 7.4) at 4°C for 48 h. The samples were further kept 
in the 70% ethanol at 4°C until the day of µCT scanning.  
For assessment of the bone micro-architecture in the experimental groups, the 
proximal part of the tibiae was examined ex vivo using a desktop µCT system, 
commercially available as Skyscan 1172 (Bruker, Kontich, Belgium). During 
scanning, the tibia was placed in the polyethylene tube and immobilized inside the 
tubes by means of soft modeling clay. The bone samples were scanned along the 
mid-sagittal planes in the mid-diaphyseal regions to obtain the µCT images. The 
scanning parameters were 6 µm pixel size, 50 kV X-ray voltage, 200 µA electric 
current and 0.5 mm Al filter.  
 Subsequently, the reconstructed 3D data sets were quantified using CTAn 
automated image analysis system (Bruker, Kontich, Belgium). For this, the volume 
of interest (VOI) for both trabecular and cortical analyses was defined in axial 
direction by using the growth plate as reference. The VOI started at a distance of 
4.2 mm distally from the growth plate and extended towards the diaphysis for 1.5 
mm (250 slices) (Figure 1a). In each transverse slice of the VOI, the ROI was 
delineated manually matching with the area occupied by trabecular (Figure 1b) or 
cortical bone (Figure 1c) to perform trabecular or cortical bone analysis, 
respectively.  
For trabecular bone analysis, the bone volume (BV), bone volume fraction 
(BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and trabecular 
number (Tb.N) were calculated 3D as measurements of trabecular bone mass and 
its distribution. The trabecular architecture was quantified by calculating the 
connectivity of the trabecular network (trabecular bone pattern formation, TBPf) 
and structure model index (SMI). For cortical bone analysis, the periosteal 
perimeter (Ps.Pm), medullary area (Ma.Ar), endocortical perimeter (Ec.Pm) and 
mean polar moment of inertia (MMI) were calculated in 2D as measurements of 
cortical bone mass and its distribution. The porosity (Ct.Po) and cortical thickness 
(Ct.Th) were calculated 3D as measurements of cortical bone mass and its 





















Figure1. Representative µCT images of rat tibia. (a) VOI selected for trabecular and 
cortical bone analysis: 4.2 mm distally from the growth plate level and extending towards 
the distal diaphysis over a distance of 1.5 mm; (b) 3D view of trabecular (b) and cortical 
bone (c) volume reconstructed from the selected ROI. 
 
Structural analysis 
Finite element models of all bone samples were created by a direct conversion 
of bone voxels to cubic hexahedral elements22. The three-dimensional (3D) models 
of bone presented a fixed length in z-direction (3.0 mm) that corresponded to the 
VOI evaluated in the µCT analysis (Figure 2). These models consisted of 3.8 to 6.4 
million elements, having between 12.2 and 21.7 million degrees of freedom. Linear 
and isotropic material behavior was assumed. Material properties were applied, 
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using typical values for bone (Young's modulus, E = 10 GPa and Poisson's ratio, ν 
= 0.3). Identical material properties were used for all groups, thereby enabling to 
isolate the effects of micro-architectural differences on bone stiffness and bone 
strength. Boundary conditions that represented uniaxial compression tests were 
defined in order to determine the bone mechanical competence. The nodes at the 
top surface of samples were displaced in axial direction by 1% of total height. 
Since all models had the same z-extent, 1% of strain in z-direction corresponds to 
a standard z-displacement of 0.03 mm. All nodes at the bottom of the models were 
restrained in the direction of the loading, except for two nodes that were restricted 
in the transversal plane too, in order to prevent rigid body rotation and translations.  
For the solution of these models with up to 20 million degrees of freedom, a 
parallel linear finite element package (ParFE) with an algebraic multigrid 
preconditioner was used23. All the calculations were performed at the National 
Supercomputing Center (CSCS, ETH Zürich, Switzerland), where the code was run 
on up to 3072 cores of a CRAY XT5™. The latter device consists of 3688 AMD 
hexa-core Opteron processors clocked at 2.4 GHz and a high-speed interconnect 
with a bandwidth of 9.6 GB/s and a latency of 5 µs. Numerical post-processing was 
done on a Sun Fire™ system; for visualization, the parallel open source program 
ParaView24 was used, running on an HP-XC cluster. Bone stiffness [N/mm] was 
determined from the FE model as the slope of the linear force–displacement 
relationship obtained up to 1% apparent compressive strain. Bone strength was 
determined as the minimum force required for 2% of the voxels (representing 2% 
of total bone volume) reaching at least 0.7% effective strain25,26. 
 
Statistical analysis 
Results of the bone micro-structural and biomechanical parameters were 
expressed as means ± standard deviation (SD). The differences between the 
means for the experimental groups were compared using one-way analysis of 
variance (ANOVA). Multiple comparisons between the groups were performed 













Figure 2. Representative three-dimensional models of the tibial diaphysis for each group 
(shOVX, OVX-shWBV, OVX-WBV, ALN-shWBV and ALN-WBV) used in µFE analysis. 
 
Results 
ANOVA revealed a statistically significant difference between the groups (shOVX, 
OVX-shWBV, OVX-WBV, ALN-shWBV, ALN-WBV) for bone stiffness (p=0.000), 
bone strength (p=0.000), trabecular micro-structural parameters (BV, p=0.000; 
BV/TV, p=0.000; Tb.Th, p=0.014; Tb.SP, p=0.000; Tb.N, p=0.000; TBPf, p=0.000; 
SMI, p=0.000) and cortical micro-structural parameters (Ct.Th, p=0.001; Ct.Po, 
p=0.011; Ps.Pm, p=0.004; Ma.Ar, p=0.012; and MMI, p=0.001), except for Ec.Pm 
(p=0.056). The results of the multiple comparions between all experimental groups 
for each biomechanical and micro-structural parameter are shown in Tables 1 and 
2.  
 
Effect of WBV and/or ALN on bone micro-structure 
VX caused a marked deterioration of the trabecular and cortical bone micro-
structure, manifested as a considerable decrease in Ct.Th (-9%), BV (-52.6%), 
BV/TV (-63.6%), Tb.N (-75.0%) and increase in Ma.Ar (+21.9%), Tb.Sp (+163.4%), 
TBPf (+466.7%) and SMI (+144.4%) (OVX-shWBV versus shOVX; Tables 1 and 
2). Simultaneously, as a compensatory mechanism after ovariectomy, a slight 
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increase in Ps.Pm was observed in OVX-shWBV compared to shOVX (+2.8%, 
Table 2). Mechanical stimulation of OVX rats with HF WBV for 14 days had no 
effect on the trabecular bone, except for TBPf  (+23.5%, OVX-WBV versus OVX-
shWBV; Table 1). At cortical level, the mechanical treatment was able to partially 
reverse the bone micro-structural deterioration after ovariectomy by decreasing 
substantially the Ma.Ar (-20.4%) and increasing Ct.Th (+7.2%) (OVX-WBV versus 
OVX-shWBV). Additionally, it is noteworthy that there were no differences between 
the cortical micro-structural parameters quantified for OVX-WBV and shOVX (table 
2).  
Unlike the single HF loading treatment, the pharmacological treatment with 
alendronate revealed a positive effect mainly on the trabecular bone micro-
architecture of OVX rats, which was demonstrated by an increase in BV 
(+107.8%), BV/TV (+120%) and Tb.N (+300%) and a decrease in Tb.Sp  (-58.2%), 
TBPf (-64.7%) and SMI (-50.0%). However, ALN administration was not able to 
improve the Tb.Th after ovariectomy (ALN-shWBV versus OVX-shWBV, Table 1). 
At cortical level, ALN administration was associated with an increased Ct.Th 
(+9.8%) and Ct.Po (+60.8%) compared to OVX-shWBV (ALN-shWBV versus OVX-
shWBV, Table 2). When compared to shOVX group, ALN also presented higher 
values of Ct.Po (+38.8%), Ps.Pm (+5%), MMI (+18.5%) and Ma.Ar (+20.3%) (ALN-
shWBV versus shOVX, Table 2). Finally, the combined application of ALN and HF 
resulted in a greater increase in Ct.Th when compared to shOVX or ALN-shWBV 
groups (+7.1% for ALN-WBV versus shOVX and +7.4% for ALN-WBV versus ALN-
shWBV; Table 2). 
 
Effect of WBV and/or ALN on bone mechanical competence 
OVX caused a substantial decrease in bone stiffness (−10.7%) and bone 
strength (−10.4%) compared to shOVX (OVX-shWBV versus shOVX; Tables 1 and 
2). The mechanical treatment of OVX rats with HF loading via WBV (OVX-WBV) 
did not affect bone stiffness nor strength when compared to OVX-shWBV. 
However, the pharmacologic treatment with ALN, combined or not with WBV, 
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significantly increased bone stiffness (+15.8% for ALN-shWBV and 14.5%  for 
ALN-WBV) and bone strength (+13.8% for ALN-shWBV and +17.6% for ALN-
WBV) compared to the respective untreated OVX condition, with values equalling 
those of the shOVX group. In addition, no significant differences were detected 
between ALN-shWBV and ALN-WBV groups regarding bone stiffness and bone 


























Table 1. Results for bone stiffness, bone strength and trabecular bone micro-structural parameters (BV, BV/TV, 
Tb.Th, Tb.Sp, Tb.N, TBPf, SMI) for each group evaluated 
 
 Mean ± Standard Deviation 





shOVX 68280.0  ± 1571.6 b 1042.6 ± 32.1 b 1.9E+09 ± 2.2E+08 b 27.5 ± 2.5 b 66.1 ± 4.5 189.6 ± 8.0 b 4.0 ± 0 b 3.0 ± 3.0 b 0.9 ± 0.3 b 
OVX-shWBV 60974.0  ± 3311.8 a 934.2 ± 59.0 a 0.9E+09 ± 3.1E+08 a 10.0 ± 4.7 a 64.6 ± 2.7 499.4 ± 231.3 a 1.0 ± 1.0 a 17.0 ± 4.0 a 2.2 ± 0.3 a 
OVX-WBV 58399.9  ± 3989.2 a 900.1 ± 63.5 a 0.5E+09 ± 2.2E+08 a 7.8 ± 3.1 a 65.0 ± 5.4 636.6 ± 250.4 a 1.0 ± 1.0 a 21.0 ± 4.0 a+b 2.6 ± 0.3 a 
ALN-shWBV 70596.1 ± 5729.3 b 1063.2 ± 79.8 b 1.9E+09 ± 4.5E+08 b 22.0 ± 3.7 a+b 57.7 ± 2.3 a+b 208.7 ± 22.6 b 4.0 ± 1.0 b 6.0 ± 5.0 b 1.1 ± 0.5 b 
ALN-WBV 69834.2  ± 4804.4 b 1098.8 ± 69.8 b 1.8E+09 ± 4.3E+08 b 23.5 ± 3.3 a+b 60.8 ± 6.3 a+b 210.1 ± 13.9 b 4.0 ± 0 b 4.0 ±1.0 b 1.0 ± 0.2 b 





Table 2. Results for bone stiffness, bone strength and cortical bone micro-structural parameters (Ct.Po, Ps.Pm, 
Ma.Ar, MMI, Ec.PM, Ct.Th) for each group evaluated 
 
 Mean ± Standard Deviation 
Groups Stiffness (N/mm) Strength (N) Ct.Po (%) Ps.Pm  (µm) Ma.Ar (µm2) MMI  (µm4) Ec.Pm  (µm) Ct.Th  (µm) 
shOVX 68280.0  ± 1571.6 b 1042.6 ± 32.1 b 1.4 ± 0.6 13557.6 ± 399.3 b 4.8E+06 ± 3.7E+05 b 1.2E+13 ± 1.4E+12 12275.2 ± 704.8 451.6 ± 20.0 b 
OVX-shWBV 60974.0  ± 3311.8 a 934.2 ± 59.0 a 1.2 ± 0.4 13944.3 ± 493.8 a 5.9E+06 ± 4.6E+05 a 1.3E+13 ± 1.5E+12 13727.2 ± 1595.5 410.8 ± 25.2 a 
OVX-WBV 58399.9  ± 3989.2 a 900.1 ± 63.5 a 1.0 ± 0.2 13265.2 ± 350.6 b 4.7E+06 ± 3.3E+05 b 1.2E+13 ± 1.1E+12 12027.7 ± 462.4 440.7 ± 23.3 b 
ALN-shWBV 70596.1 ± 5729.3 b 1063.2 ± 79.8 b 1.9 ± 0.7 a+b 14231.8 ± 428.9 a 5.8E+06 ± 6.3E+05 a 1.5E+13 ± 1.9E+12 a+b 13604.8 ± 940.8 450.4 ± 16.7 b+c 
ALN-WBV 69834.2  ± 4804.4 b 1098.8 ± 69.8 b 1.9 ± 0.5 a+b 14296.5 ± 726.0 a 5.5E+06 ± 1.2E+06 a 1.6E+13 ± 2.4E+12 a+b 13498.0 ± 1846.6 483.6 ± 41.2 a+b 
Means ± SD followed by:  “a” represents statistically significant difference from ShOVX; “b” represents statistically significant difference from the OVX-






The higher resolution of micro-computed tomography images and mechanical 
testing procedures27,28 has highlighted the significance of several bone properties 
other than BMD for bone strength29, which can improve the fracture risk prediction 
and the assessment of anti-fracture efficacy of osteoporosis therapies. Impaired 
bone strength associated with altered bone turnover might result from decreases in 
the amount of bone mass, changes in bone micro-architecture or geometry, in the 
biophysical properties of bone tissue, or even from a combination of all of the 
above29. Therefore, the present study by using three-dimensional analysis, µCT 
and µFE analyses, evaluated the potential relation of bone mechanical 
competence with bone micro-structural changes of ovariectomy-induced 
compromised bone after single or combined treatment with HF loading and 
bisphosphonates. 
In OVX osteoporotic rats, a decreased bone mechanical competence associated 
with a cortex thinning and trabecular bone loss was observed. This increased bone 
fragility is a result of the negative bone multicelullar unit balance induced by 
estrogen withdrawal after ovariectomy, which is the morphological basis of bone 
loss and structural deterioration30. With a larger surface-to volume ratio, trabecular 
bone is rapidly affected by increases in bone resorption31. Individual trabeculae 
become progressively thinner, shifting from a plate-like shape to a rod-like shape 
while trabecular separation increases. Progressive perforation of individual rods 
leads to the loss of trabecular connectivity and reduces the number of trabeculae, 
resulting in trabecular micro-architecture deterioration32. These changes in 
trabecular micro-architecture were also observed in previous studies with 
ovariectomized rats and rapidly compromise bone strength33,34. At cortical level, a 
higher endocortical resorption was noticed in OVX animals represented by an 
increase in Ma.Ar compared to shOVX, leading to a reduction in bone mass and 
cortical thickness despite of the slight periosteal expansion after ovariectomy. 
Clinical studies in postmenopausal women also reported about 50% of cortical 
bone loss as a result of remodelling within the inner (endosteal) surface adjacent to 
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the marrow by cavitation35. Weakening of the cortical bone compartment is also of 
major importance for fragility fractures once cortical bone represents a substantial 
amount of the total bone mass, especially in the appendicular skeleton35. These 
results therefore demonstrate that micro-architectural changes after ovariectomy in 
either cortical or trabecular bone are responsible for significant variations in the 
bone mechanical properties.  
The mechanical treatment with HF loading was not able to oppose the negative 
effects of ovariectomy on the bone mechanical competence. HF loading increased 
the cortical thickness of OVX rats by decreasing the endocortical resorption, 
represented in this study by lower values of Ma.Ar compared to OVX-shWBV. 
Notwithstanding this, the increase in cortical thickness after HF loading was not 
able to improve the OVX bone strength and bone stiffness since this mechanical 
stimuli did not prevent the trabecular bone deterioration, as also demonstred by 
Hatori et al36. In agreement with our results, a recent study with ovariectomized 
rats also did not find substantial effects of mechanical stimulation neither on bone 
biomechanical properties nor on trabecular bone micro-architecture (4 weeks of 
WBV loading)37. However, after 12 weeks of mechanical treatment an improvement 
of the trabecular bone parameters of OVX animals could be noticed37. These 
results are in contrast to those reported by Tezval et al.34 and Sehmisch et al.33, 
who found that treatment with WBV for 5 weeks resulted in improved bone strength 
and bone mass, equalling the levels as observed in untreated sham rats. It is worth 
noting that differences could arise due to the skeletal site evaluated in the latter 
studies. The present study as well as the study by Chen and co-workers37 
investigated the effects of mechanical treatment at the tibia, while the study of 
Tezval et al.34 and Sehmisch et al.33 evaluated the femur and vertebral body, 
respectively. Furthermore, the response of the skeletal tissues to mechanical 
loading depends on several factors including magnitude, duration and rate of 
stimulus38. Hence, it might be that the short duration of experimental period used in 
the present study, namely 14 days, has been insufficient to increase the bone 
mechanical competence in ovariectomized rats, since more densely mineralized 
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bone is removed after ovariectomy and replaced by younger less mineralized 
bone, which has reduced stiffness39.  
Unlike single HF loading treatment, alendronate administration was able to 
significantly enhance the bone mechanical competence in ovariectomized rats. 
This might be attributed to the efficacy of this drug in preventing ovariectomy-
induced trabecular bone micro-architectural deteterioration. The large surface area 
of trabecular bone is an advantage in therapeutics because it facilitates the access 
of biphosphonates to inhibit matrix remodeling31. At the same time, a limited effect 
of ALN on the endocortical bone remodeling was observed, since the drug was not 
able to decrease the Ma.Ar enlargement that occurs after ovariectomy. As 
biphosphonates act by binding avidly to mineralized bone matrix40, and considering 
that at intracortical or endocortical surfaces there is less volume of mineralized 
cortical bone matrix, the accessibility of this drug to the bone remodeling that is 
occuring at these surfaces is reduced41,42. Consequently, osteoclasts initiating 
remodeling upon a Harvesian canal surface might not encounter and engulf matrix 
containing drug and continue reabsorbing bone at endocortical surface31. 
Nevertheless, the association of ALN with HF loading seems to provide an additive 
effect at the level of endorcortical surface, demonstrated by lower values of Ma.Ar 
in comparison to the single pharmacological treatment. Thus, the effect of HF 
stimuli on the endocortical surface combined with the effect of ALN at the 
periosteal surface level contributed for an enlarged cortical thickness when 
compared to single application of these treatments. Chen et al.37 also showed that 
WBV enhanced the effect of alendronate on the trabecular micro-architecture in 
ovariectomized rats over 12 weeks, but the micro-structural changes at cortical 
level after this combined treatment was not investigated. In the present study, 
although there is a trend of the combined treatment with HF loading and ALN in 
improving trabecular micro-architecture and bone strength after ovariectomy, the 
results were statistically not significant when compared to single pharmacological 
treatment over 2 weeks. Therefore, long-term studies are needed in order to elicit 
the role of HF loading, combined or not with ALN, on trabecular bone. 
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From a biomechanical point of view, an effective treatment for bone fragility 
should improve the extrinsic biomechanical properties of bone but at the same time 
not substantially impair the intrinsic properties. However, it is rare for a treatment to 
achieve this combination of effects43. Bisphosphonates, by reducing excessively 
bone turnover, decreases the renewal of bone tissue and consenquently increases 
the accumulation of older and extensively mineralized bone44. As a consequence, 
the bone becomes more brittle and therefore unable to absorb energy by elastic 
deformation. Additionally, it leads to the accumulation of damaged bone, facilitating 
micro-crack proliferation45. Therefore, recent studies have provided a well 
documented association between atypical fractures and long-term oral intake of 
alendronate8,46, which is a growing clinical concern9. Hence, in order to achieve a 
safer and better clinical effect on osteoporosis treatment, the combined use of ALN 
with HF WBV could be advised. Exercise–induced improvements in the inorganic 
bone component does not seem to restrict the mineralization degree, improves 
also the water content47, which is assumed to confer additional biomechanical 
advantages48 as the tissue become less brittle and more able to accomodate the 
loads applied to the bone before developing micro-damage. This combination 
therapy might decrease the dosage of ALN in clinical patients. Using a reduced 
dosage of biphosphonates (lower weekly dose or dosing every 2 weeks) is an 
unproven but appealing alternative9, providing an adequate but less complete 
surpress of bone turnover49 and is likely to provide fracture risk reduction.  
The cross-sectional design and the relatively short-term experiment period of 
this study were the main limitations. Therefore, it remains unclear whether longer-
term changes on the bone micro-architecture after HF and ALN interventions would 
still affect the bone mechanical competence. Furthermore, an in silico technique 
was used in this study to determine the bone stiffness and bone strength based on 
bone micro-architecture since this methodology was successfuly validated in 
previous studies showing high precision17,18. Future studies should also consider 
the inclusion of other methodologies to evaluate the biophysical properties of bone 
tissue, such as the degree and type of collagen cross-linking, hydration, the 
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mineral crystal size and their crystallinity in order to provide a complete insight into 
the bone mechanical competence.  
In conclusion, in comparison to single treatment with HF loading, ALN proved to 
be better in improving the mechanical competence of OVX-induced compromised 
bone. In addition, the association of ALN with HF loading resulted in an additive 
anabolic effect on the cortical thickness. 
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Purpose: The long-term osteoporosis therapy with bisphosphonates at 
conventional dosages has been associated with substantial side effects on bone. 
Thus, this study aimed to evaluate the impact of combination therapy with high-
frequency loading (HF) via whole-body vibration (WBV) and bisphosphonate 
(alendronate, ALN) at differing concentrations on trabecular micro-architecture of 
ovariectomy-induced osteoporotic bone. Methods: Fifity-six female Wistar rats 
were ovariectomized (OVX) or sham-operated (shOVX) and divided into seven 
groups: shOVX, OVX-shWBV, OVX-WBV, ALN(x)-shWBV, ALN(x)-WBV, ALN(y)-
shWBV and ALN(y)-WBV. (Sham)WBV loading was applied for 10 min/day using 
10 consecutive steps of HF loading with increments of 5 Hz from 130 to 150 Hz at 
0.3g. ALN therapy, alone or in combination with WBV, was administered at 
conventional dosage (ALN(x): 2mg/kg or at lower dosage (ALN(y): 1 mg/kg), 
3x/semana. Mechanical and/or Pharmacological treatments were performed for a 6 
weeks experimental period. Micro-CT analyses were employed to assess the 
effects of treatments performed on trabecular bone micro-architecture at the end of 
experimental period. Results: The monotherapy of OVX rats with WBV or ALN, at 
conventional or lower dosages, decreased substantially the trabecular separation. 
The association of ALN(x) or ALN(y) with WBV resulted in further improvement in 
trabecular trabecular bone pattern and structure model index of OVX rats, shifting 
completely the trabecular shape from rod-like to plate-like. Conclusions: HF loading 
enhances the effect of ALN therapy on trabecular micro-architecture after 
ovariectomy, allowing the use of a lower dosage of ALN with the same efficacy of a 
conventional dosage. 
 




The bisphosphonate drug alendronate (ALN) is a potent anti-resorptive agent, 
which by reducing bone turnover maintains bone mass and micro-structure (Eastell 
et al., 2011). Therefore, it has been used as the primary treatment for 
osteoporosis. However, the long-term therapy with ALN has been associated with 
substantial side effects, such as the occurrence of atypical bone fractures 
(Aspenberg and Schilcher, 2014) or osteonecrosis (Reid, 2009). 
As ALN reduces the bone loss associated to osteoporosis, then it should also 
result in reduced fracture risk. But suppression of remodeling also changes the 
bone material properties, which become extensively mineralized and consequently 
more brittle and susceptible to accumulate micro-damage, affecting the 
biomechanical integrity of the skeleton in long-term (Allen and Burr, 2011). Hence, 
in order to treat osteoporosis via a more safe intervention, the combined use of 
ALN with other treatments, such as the application of high-frequency (HF) loading 
could be advised. HF loading has a profound anabolic effect on bone (Ozcivici et 
al., 2010). This combination therapy might allow to lower the dosage of ALN, 
thereby preventing the adverse effects of this drug on bone biomechanical 
properties while affecting positively the bone structure. The aim of the present 
study was to evaluate the impact of combined treatment of ALN at different 
concentartions and HF loading on the trabecular bone micro-architecture of 
ovariectomy-induced osteoporotic rats. 
 
Material and Methods 
Animals and experimental design 
The protocol of the animal experiment was approved by the local ethical 
committee (P050/2011), complied with ARRIVE guidelines for preclinical studies 
and was performed according to the Belgian animal welfare regulations and 
guidelines. 
A total of 56 female Wistar rats at 12 weeks of age were used in the present 
study. Forty-eight animals underwent ovariectomy surgery [OVX], while the 
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remaining eight animals were subjected to sham-ovariectomy surgery [shOVX]. 
Rats arrived 5 days post-(sham)OVX surgery, with a body weight ranging between 
200g and 223g. Pair-feeding regimen was initiated at arrival in an attempt to 
control the body weight changes throughout the study. The average daily food 
consumption of the shOVX animals was determined, and the quantified amount 
was then provided to the other animals. Animal’s weight was monitored at the start 
and once a week during the study. 
After ovariectomy surgery, the rats were left untreated for a period of 09 weeks. 
This time lapse was considered to be adequate for inducing significant bone 
changes in the rat long bones in response to ovariectomy (Liu et al., 2014). 
Thereafter, the OVX group was divided into 3 groups: one untreated group [OVX] 
(n=16) and two groups treated with a conventional [ALN(x)] (n=16) or lower dosage 
[ALN(y)] (n=16) of the anti-resorptive bisphosphonate drug alendronate. 
Alendronate sodium trihydrate (A4978-100MG, Sigma-Aldrich, Bornem, Belgium) 
was injected subcutaneously 3 days/week at a conventional [ALN(x): 2 
mg/kg/dose] or lower dosage [ALN(y): 1 mg/kg/dose]. At the same time, saline (0.9 
% NaCl) was administered to the rats of the OVX and shOVX groups till the day of 
euthanasia.  
The animals of OVX, ALN(x) and ALN(y) groups were further divided into 
subgroups relative to the loading condition (whole body vibration (WBV) versus 
sham-WBV), resulting in 6 experimental groups: OVX-shWBV; OVX-WBV; ALN(x)-
shWBV; ALN(x)-WBV; ALN(y)-shWBV; ALN(y)-WBV. The treatment with ALN 
and/or WBV started 09 weeks post-(sham)ovariectomy and lasted for a 6 weeks 
period. The 7th group, namely the shOVX group, did not receive mechanical 
stimulation, and served as a negative control to illustrate normal bone 
characteristics over the course of the experiment. Additionally, the OVX-shWBV 
group served as positive control to demonstrate the changes occuring during the 




Vibration device and loading protocol 
The loading was applied by means of WBV via a custom-made vibration 
device. The WBV loading was administered during 06 weeks for 10 minutes/day 
according to a protocol that consisted of 10 consecutive frequency steps (130, 135, 
140, 145, 150, 130, 135, 140, 145 and 150 Hz), each of these applied for 1 minute 
at an acceleration of 0.3g (Hatori et al., 2014). WBV was applied to the animals 
individually, taking into account the animal’s body weight. Intervals of 24-hours 
between the loading sessions were respected. 
 
Specimen preparation and micro-X-ray computed tomography analysis 
The specimen preparation and the micro-CT acquisition of rat tibiae were 
performed according to the protocol described previously by Hatori and co-workers 
(Hatori et al., 2014). Subsequently, the reconstructed 3D data sets were quantified 
using CTAn automated image analysis system (Bruker MicroCT, Kontich, 
Belgium). For this, the volume of interest (VOI) for trabecular analysis was defined 
in axial direction by using the growth plate as reference. The VOI started at a 
distance of 1.5 mm distally from the growth plate and extended towards the 
diaphysis over a distance of 2.4 mm (400 slices). Every each 10 transverse slice of 
the VOI, the ROI was delineated manually matching with the area occupied by 
trabecular bone to perform the trabecular bone analysis. The bone volume (BV), 
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp) and trabecular number (Tb.N) were calculated 3D as measurements of 
trabecular bone mass and its distribution. The trabecular architecture was 
quantified by calculating the connectivity of the trabecular network (trabecular bone 
pattern formation, TBPf) and structure model index (SMI).  
 
Statistical analysis 
Results of the trabecular bone micro-structural parameters were expressed 
as means ± standard deviation (SD). The differences between the means for the 
experimental groups were compared using one-way analysis of variance (ANOVA). 
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Multiple comparisons between the groups were performed using Tukey test and 
differences were considered significant at p<0.05. 
 
Results 
Ovariectomy caused a marked deterioration of the trabecular bone mass and 
micro-structure, manifested as a significant decrease in BV (-63.2%), BV/TV (-
63.4%), Tb.N (-72.5%) and increase in Tb.Sp (+256.4%), TBPf (+103.2%) and SMI 
(+166.7%). Simultaneously, as a compensatory mechanism after ovariectomy 
(Brouwers et al., 2008), a substantial increase in Tb.Th (+29.4%) was noticed 
(OVX-shWBV versus shOVX, Table 1).  
The monotherapy of OVX rats with HF WBV or ALN, at conventional or lower 
dosages, for 6 weeks significantly affected Tb.Sp (-36.4% for OVX-WBV versus 
OVX-shWBV; -32.7% for ALN(x)-shWBV versus OVX-shWBV; -36.3% for ALN(y)-
shWBV versus OVX-shWBV, Table 1). In addition, a considerable effect of these 
single treatments on BV (+33.3% for OVX-WBV versus OVX-shWBV; +14.3% for 
ALN(x)-shWBV versus OVX-shWBV; +23.8% for ALN(y)-shWBV versus OVX-
shWBV), BV/TV (+21.9% for OVX-WBV versus OVX-shWBV; +13.8% for ALN(x)-
shWBV versus OVX-shWBV; +19.5% for ALN(y)-shWBV versus OVX-shWBV) and 
Tb.N (+32% for OVX-WBV versus OVX-shWBV; +44% for ALN(x)-shWBV versus 
OVX-shWBV; +52% for ALN(y)-shWBV versus OVX-shWBV) was observed, 
though this did not reach statistical significance compared to untreated OVX 
condition (Table 1). However, when both treatments were combined a significant 
effect on TBPf and SMI of OVX rats was found towards more connected 
trabeculae, independently of the alendronate dosage used (ALN(x)-WBV or 
ALN(y)-WBV versus OVX-shWBV, Table 1). Finally, although HF loading and/or 
ALN had a positive impact on trabecular bone micro-architecture after ovariectomy, 
the assessed values of the trabecular micro-structural parameters remained 





Table 1. Results for trabecular bone micro-structural parameters (BV, BV/TV, Tb.Th, Tb.Sp, Tb.N, TBPf, SMI) for 
each group evaluated 
 
  Mean ± Standard Deviation 
Groups BV (µm3) BV/TV (%) Tb.Th (µm) Tb.Sp (µm) Tb.N (1/mm) TBPf (1/mm) SMI 
shOVX 5.7E+09 ± 1.0E+09 b 33.6 ± 5.3 b 37.1 ± 2.1 b 109.9 ± 27.2 b 9.1 ± 1.9 b -46.4 ± 8.1b -1.5 ± 0.5 b 
OVX-shWBV 2.1E+09 ± 7.8E+08 a 12.3 ± 4.3 a 48.0 ± 9.0 a 391.7 ± 143.5 a 2.5 ± 0.9 a 1.5 ± 13.6 a 1.0 ± 0.8 a 
OVX-WBV 2.8E+09 ± 6.2E+08 a 15.0 ± 1.9 a 48.4 ± 6.2 a 249.2 ± 35.6 a+b 3.3 ± 0.7 a 1.6 ± 9.8 a 0.9 ± 0.5 a 
ALN(x)-shWBV 2.4E+09 ± 5.1E+08 a 14.0 ± 2.1 a 39.8 ± 3.8 b 263.6 ± 63.7 a+b 3.6 ± 0.5 a -11.0 ± 8.0 a 0.2 ± 0.3 a 
ALN(x)-WBV 2.9E+09 ± 1.4E+09 a 15.9 ± 7.2 a 36.9 ± 3.2 b 249.7 ± 101.3 a+b 4.4 ± 2.1 a -19.9 ± 12.5 a+b -0.1 ± 0.6 a+b 
ALN(y)-shWBV 2.6E+09 ± 5.7E+08 a 14.7 ± 2.7 a 40.9 ± 3.8 249.4 ± 38.2 a+b 3.8 ± 0.9 a -9.4 ± 13.3 a 0.3 ± 0.8 a 
ALN(y)-WBV 2.7E+09 ± 3.9E+08 a 15.5 ± 2.9 a 37.8 ± 3.2 b 236.9 ± 69.8 a+b 4.1 ± 0.8 a -16.0 ± 7.6 a+b 0.0 ± 0.4 a+b 









This study demonstrated that, in the case where substantial bone loss has 
occurred after ovariectomy, the combination therapy of ALN with HF loading had a 
more pronounced effect on trabecular structure of OVX rats than these treatments 
alone. Noteworthy is that the trabecular micro-architecture did not differ between 
ALN(x)-WBV and ALN(y)-WBV groups, indicating that a lower dosage of ALN can 
be used successfully when in combination with HF loading for osteoporosis 
treatment. This might prevent the side effects of bisphosphonates on bone with 
potential for improved clinical outcomes compared to conventional drug therapy. 
Ovariectomy resulted in substantial deterioration of the trabecular bone micro-
architecture due to estrogen deprivation, demonstrated in this study by decreases 
in BV, BV/TV, Tb.N and increases in Tb.Sp, TBPf and SMI, which agrees with the 
literature on the effects of OVX in rat tibia (Brouwers et al., 2008; Campbell et al., 
2011; Liu et al., 2014). Surprisingly, a substantial increase in Tb.Th was also 
associated to OVX. The same outcome was reported by Brouwers and co-workers 
who assessed the effects of OVX on the micro-structure of proximal tibia of Wistar 
rats over a 16-week time course and showed that Tb.Th at the end point of the 
experiment presented higher values than shOVX group (Brouwers et al., 2008). It 
might be that the increased strains on the remaining trabeculae induced by 
external loads, stimulates bone formation and thereby lead to increased Tb.Th. 
This may become more relevant at tibia, since it receives more ground impact 
(mechanical loading) than other bone sites. 
Nevertheless, the patterns of bone recovery in OVX rats vary according to the 
treatment employed. The antiresorptive drug alendronate has a inhibiting effect on 
bone resorption (Eastell et al., 2011), while mechanical loading provides an 
anabolic stimulus to bone (Ozcivici et al., 2010). Despite the different modes of 
action of ALN or HF loading on bone remodeling, both treatments resulted in 
reduced trabecular separation and inhibited further bone loss. Mechanical 
stimulation with HF loading seemed to decrease Tb.Sp by maintaining the 
increased Tb.Th observed after ovariectomy, while alendronate improved (non-
! 52!
significantly) trabecular connectivity and shape by reducing remodeling space and 
filling of resorption cavities (Eastell et al., 2011). In addition, Campbell and co-
workers showed that trabecular elements that were lost with OVX did not re-form 
after alendronate administration, demonstrating that bone architecture recovers by 
bone apposition on the existing topology rather than the formation of new 
topological connections (Campbell et al., 2011).  
Combination of interventions with different modes of action showed to produce 
further improvements on trabecular connectivity and structure model index, shifting 
completely the trabecular shape from rod-like to plate-like. As HF loading 
application through WBV enhances the effect of ALN therapy on trabecular bone, it 
was possible to reduce the ALN dose whilst the benefits of this therapy on 
trabecular micro-architecture after OVX were maintained over 6 weeks. Using a 
lower dose seems to provide adequate but less complete suppression of bone 
turnover (You et al., 2011) and is likely to provide fracture risk reduction. However, 
further studies evaluating the effect of lower dosages of ALN associated to HF 
loading application on bone turnover markers and on bone biomechanical 
properties are requested to establish the cost-effectiveness and safety of this 
combination therapy. 
In the present study, ALN was used as a recovering treatment after 
development of bone loss, which resembles clinical situation. Since remarkable 
trabecular bone deterioration occurred 09 weeks after OVX, it was not possible to 
recover bone loss to similar levels of shOVX group. However, ALN administration 
improved the existing trabecular micro-architecture and inhibited further bone loss. 
Other studies administrated bisphosphonates (BPs) before or at the time of 
ovariectomy surgery, and showed that this drug inhibited OVX-induced 
deterioration of bone micro-structure at proximal tibia (Brouwers et al., 2008). 
Nevertheless, according to the report of menopause practitioners, the use of BPs 
therapy for osteoporosis prevention should be avoided (i.e., prevention of bone 
loss in patients who are not at a high risk fracture) due its important side effects 
(Ettinger et al., 2013).  
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In conclusion, HF loading enhances the effect of ALN therapy on trabecular 
micro-architecture after ovariectomy, allowing the use of a lower dosage of ALN 
with the same efficacy of a conventional dosage. 
 
References 
Allen MR, Burr DB. Bisphosphonate effects on bone turnover, microdamage, and 
mechanical properties: What we think we know and what we know that we don’t 
know. Bone. 2011;49(1):56–65.  
Aspenberg P, Schilcher J. Atypical femoral fractures, bisphosphonates, and 
mechanical stress. Curr Osteoporos. 2014;12(2):189–93.  
Brouwers JEM, Lambers FM, Gasser JA, van Rietbergen B, Huiskes R. Bone 
degeneration and recovery after early and late bisphosphonate treatment of 
ovariectomized wistar rats assessed by in vivo micro-computed tomography. Calcif 
Tissue Int. 2008;82(3):202–11.  
Campbell GM, Bernhardt R, Scharnweber D, Boyd SK. The bone architecture is 
enhanced with combined PTH and alendronate treatment compared to 
monotherapy while maintaining the state of surface mineralization in the OVX rat. 
Bone. 2011;49(2):225–32.  
Eastell R, Walsh JS, Watts NB, Siris E. Bisphosphonates for postmenopausal 
osteoporosis. Bone. 2011;49(1):82–8.  
Ettinger B, Stuenkel CA, Schnatz PF. Menopause practitioner perspective on the 
American Society of Bone and Mineral Research Task Force report on atypical 
femoral fracture. Menopause. 2013;20(10):1092–7.  
Hatori K, Camargos G, Chatterjee M, Faot F, Sasaki K, Duyck J, et al. Single and 
combined effect of high-frequency loading and bisphosphonate treatment on the 
bone micro-architecture of ovariectomized rats. Osteoporos Int. 2014 Sep 19. 
[divulgado antes da publicação].  
Liu XL, Li CL, Lu WW, Cai WX, Zheng LW. Skeletal site-specific response to 
ovariectomy in a rat model: Change in bone density and microarchitecture. Clin. 
Oral Implants Res. 2014 Mar 5. [divulgado antes da publicação]. 
Ozcivici E, Luu Y, B A, Qin Y, Rubin J, Judex S, et al. Mechanical signals as 
anabolic agents in bone. Nature. 2010;6(1):50–9.  
! 54!
Reid IR. Osteonecrosis of the jaw - Who gets it, and why? Bone. 2009;44(1):4–10.  
You L, Sheng Z-Y, Chen J-Y, Pan L, Chen L. The safety and efficacy of early-stage 
bi-weekly alendronate to improve bone mineral density and bone turnover in 























De acordo com os resultados obtidos e dentro das limitações desse estudo, 
concluí-se que:  
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APÊNDICE 1  
Sistema de aplicação do estímulo mecânico de alta frequência através de 
















Figura 1. A: Plataforma vibratória customizada (Departamento de Engenharia 
Mecânica, Divisão de Biomecânica, KULeuven) e caracteristicas do carregamento 
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